Fish, echium, linseed, and soybean oil triacyglycerols (TAGs) were oxidized 12 at 50 or 60°C to determine the effect of the polyunsaturated fatty acid composition on 13 the volatile product formation. The analysis of the oxygen consumption and total 14 volatile formation demonstrated that the soybean oil TAG had the highest oxidative 15 stability followed by linseed, echium, and fish oil TAGs. Our results were in agreement 16 with the expected average number of bis-allylic positions of each TAG. Higher 17 quantities of acrolein (2-propenal) and propanal were detected using the static 18 headspace gas chromatography method at the early stages of oxidation of echium and 19 fish oil TAGs; however, a considerable amount of propanal and only a small amount of 20 acrolein were found in the oxidized linseed oil TAG. The peak area ratio of acrolein to 21 propanal were 0.115, 0.569, and 2.554 after the 8 hr oxidation of linseed, echium, and 22 fish oil TAG, respectively, suggesting the preferential formation of acrolein, especially 23 during the fish oil TAG oxidation. The acrolein quickly increased during the first stage 24 of oxidation, but afterward, it either did not change or slightly decreased during the fish 25 oil oxidation. Because fish oil induces flavor deterioration from the very early stage of 26 the oxidation, the acrolein formation observed in the present study may be important for 27 fish oil deterioration. 28 29 Keywords: fish oil oxidation · flavor deterioration · volatiles · acrolein · oxidative 30 stability 31 32 33 typical n-3 polyunsaturated fatty acids (PUFAs) found in fish oils. These two long chain 37 PUFAs have been demonstrated to cause significant biochemical and physiological 38 changes in the body that primarily exhibit a positive influence on human nutrition and 39 health [1-5]. However, the development of fishy and metallic off-flavors that are often 40 found in fish oils rich in EPA and DHA dissuades people from consuming them. These 41 undesirable flavors mainly come from the oxidation of EPA and DHA in the fish oils. 42 The first step of the lipid oxidation is the abstraction of the bis-allylic hydrogen radical 43 from the substrate PUFA to form a lipid-free radical. The radical then reacts with 44 oxygen to form hydroperoxides. Thus, the level of oxidative deterioration in fish oil is 45 commonly assessed by measuring the hydroperoxides. However, EPA-and 46 DHA-hydroperoxides are very easily decomposed into volatile secondary oxidation 47 products that are responsible for the undesirable flavors in fish oils. Thus, it is possible 48
Eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3) are butyl-gum septum (GL Science, Tokyo, Japan) and then incubated at 50°C or 60°C in 145 the dark. Before the incubation, the level of oxygen in the headspace gas of the vial was 146 estimated using a GC (Shimadzu GC-14B) [28] . The GC was equipped with a thermal 147 conductivity detector and a stainless steel column (3 m x 3.0 mm i.d.) packed with a 148 molecular Sieve 5A (GL Science). The temperatures at the injection port, detector port 149 and column oven were 120°C, 120°C and 70°C, respectively. The helium flow was 50 150 kPa. More than three separate vials containing similar samples were prepared and 151 incubated. A small portion (20 µL) of the headspace gas was taken from each vial using 152 a microsyringe through the butyl gum septum at selected times during the oxidation. 153 The decrease (%) in the oxygen was calculated from the changes in the oxygen to 154 nitrogen ratio compared with the ratio before incubation. Each data value at different 155 oxidation times of the different samples was expressed as the mean±SD (n=3). 156 The oxidation of the sample was also monitored via GC analysis of the volatile 157 compounds. A TAG sample of 300 mg was sealed in a 20 mL clean vial and incubated at 158 50°C or 60°C in the dark. For the static headspace GC analysis, after a definite time of 159 incubation, the sample vial was transferred into the HS-20 headspace auto-sampler 160 (Shimadzu Corporation) of the GC apparatus. The headspace gas in the vial was 161 automatically pressurized at 60°C for 2 min and then immediately injected through a 162 loop into the GC (Shimadzu GC-2014AFSC) equipped with a HP-1 capillary column 163 (50-m length, 0.32 mm i.d. and 1.05-µm film thickness; Agilent Technologies, CA, 164 USA) and a flame ionization detector. An initial oven temperature of 40°C for 5 min 165 was used, followed by a rate of 3°C/min to 70°C and then by a rate of 20°C/min to 166 200 °C, and finally, the temperature was held at 200°C for 4 min. Both the injection port 167 and the flame ionization detector were set at 250°C. Three replicate measurements of 168 each stored sample were performed, and the data were expressed as the mean±SD 169 (n=3). The identities of the volatile compounds were obtained using solid phase 174 micro-extraction (SPME) and gas chromatography-mass spectrometry (GC-MS). The 175 volatiles were collected from the sealed vials containing different TAG samples after 176 incubation using a 50/30 μm DVB/CAR/PDMS SPME fiber (Supelco, Bellafonte, PA, 177 USA). The SPME fiber was exposed to the headspace for 5 min at room temperature 178 under the same conditions. The absorbed volatiles were then desorbed in the injection 179 port of the gas chromatograph GC-2010 equipped with a Model GCMS-QP2010 Ultra mass spectrometer (Shimadzu Corporation). The GC conditions were the same as 181 described above. The mass spectrometer was operated in the electron impact ionization 182 mode (70 eV). The identification of the volatile compounds was performed by 183 comparison with the mass spectra from the NIST Standard Reference Database and by 184 injection of authentic standards. Acrolein peak was identified from parent ion (m/z 56) 185 and other target ions (m/z 55 and 27). In addition to GC-MS analysis, authentic sample 186 of acrolein was used for the identification of the GC peak. GC was carried out using two 187 different columns, namely HP-1 and DB-35. According to the traditional oxidation mechanism, the rate-limiting step in the reaction fish oil TAGs was calculated to be 0.613, 1.103, 1.287, and 2.187, respectively.
203
When the oxidative stability of the four types of TAGs at 50°C was compared by 204 measuring the decrease in the oxygen concentration ( Fig. 1A) , the oxidative stability 205 was found to be the highest for the soybean oil TAG, followed by the linseed and 206 echium oil TAGs, respectively. This order was in agreement with that expected from the 207 average number of bis-allylic positions. However, there was little difference in the rate 208 decrease of the echium oil TAG and the fish oil TAG, even though the average number 209 (2.187) of positions in the fish oil TAG was much higher than that (1.287) of the echium 210 oil TAG. The highest oxidative stability of the soybean oil TAG was also confirmed 211 using GC volatile analysis ( Fig. 1B and 1C ). Although the total peak area of the 212 volatiles increased with the incubation time for all the TAG samples, the soybean oil 213 TAG required several incubation times to provide a rapid increase in the total volatiles. Volatile oxidation products are directly responsible for or serve as markers for the flavor 218 deterioration in oxidized lipids. Specifically, in the oxidation of n-3 PUFA-containing 219 lipids, such as fish oil, the off-odors are formed at the very early stages of oxidation.
220
Because volatile oxidation products sometimes have a strong impact on the flavor at 221 extremely low concentrations, often below 1 ppm, much research has been performed 222 on the key volatile compounds that are responsible for the fish oil flavor deterioration.
223
Although early studies recognized that trimethylamine and compounds from 234 Some of these aldehydes and ketones were also detected in the oxidations of four a harmful influence with a LD50 (oral) of 82 mg/kg [30] . It may cause eye, nasal, and 253 respiratory tract irritations, membrane damage, mitochondrial dysfunction, myelin 254 disruption in the nervous system, and it may induce epithelial cell injury [20] [21] [22] . 255 Although acrolein can be formed in frying oils and in autoxidized lipids [19] [20] [21] [22] , a little 256 attention has been given to the formation of acrolein in autoxidized unsaturated lipids.
257
Based on the strong impact of acrolein on flavor deterioration and toxicity, more 258 attention should be given to acrolein formed in the lipid autoxidation because it is one 259 of the key volatile compounds that can be used to predict the sensory quality of 260 unsaturated lipids that are susceptible to oxidative degradation, such as fish oil. The quantitative analysis of the major volatile compounds using the static headspace 265 GC method is shown in Fig. 3 and Fig. 4 . The amounts of the volatile compounds are 266 expressed as peak intensities. All of the volatile compounds except for acrolein 267 increased with increasing incubation time. Acrolein was the most abundant volatile in 268 the fish oil TAG (Fig. 3D) . It quickly increased, but then it stayed constant or slightly 269 decreased. The other main volatiles detected in the fish oil oxidation were propanal and 270 1-pentene-3-ol (Fig. 3D ). The relative concentration of 1-pentene-3-ol was also 271 significant in the oxidized linseed ( Fig. 3B ) and echium (Fig. 3C) oil TAGs. Acrolein 272 was detected at a similar level to that of the 1-pentene-3-ol peak in the linseed and found in much larger relative quantities than the other volatiles.
289
The relative volatile composition changes according to the GC method used. A 290 relatively higher proportion of the low molecular weight volatiles may be found using 291 the static headspace method than those found by other GC volatile analysis methods, 292 including the SPME method [19] . The low molecular weight volatiles, such as acrolein, 293 propanal, pentane, 1-pentene-3-ol and 2-pentenal, can be found in the greatest 294 proportion at a high vapor pressure during the equilibration of the headspace gas in the 295 static headspace method. However, there is a limitation in the analysis of several 296 characteristic compounds, such as 2,4-decadienal and 2,4-heptadienal that originated 297 from the n-6 and n-3 PUFA hydroperoxides, when using the static headspace method and pentane, are found in much less relative quantities than those found using the static vegetable oils, respectively [18] . Acrolein was also found in the oxidation of methyl 325 oleate, linoleate, and α-linolenate at 100°C [25] and 180°C [23] . Among the oxidation, 326 the level of acrolein was greatest in methyl linolenate. Relatively smaller amount of 327 acrolein was also found from methyl linoleate oxidation, but not or a little from methyl 328 oleate. As shown in Fig. 2 , acrolein was formed with propanal from the very early stage 329 of oxidations of fish, echium, and linseed oil TAGs. In addition, the peak area ratio of 330 acrolein to propanal on the GC was the much highest in fish oil TAG, being followed by 331 echium oil TAG and linseed oil TAG, respectively. Therefore, more acrolein could be 332 produced in the lipid oxidation when the lipid contains more unsaturated fatty acids, 333 such as EPA and DHA.
334
Most probably, acrolein found in the early stage of fish oil oxidation is formed 335 during the decomposition of the oxidation products from EPA and DHA. Endo et al. 336 [23] have suggested the formation of acrolein by the cleavage of dihydroperoxides and 337 hydroperoxy epidioxides, since these secondary oxidation products are known to be 338 more readily produced from PUFAs having more double bonds [32] . Although the 339 formation mechanism of acrolein from EPA and DHA has not yet been made clear, it 340 might be quickly and continuously produced after propanal formation as shown in Fig.   341 5. Fig. 4 showed the different behavior of acrolein formation as compared with those of 
